ABSTRACT: Stapled helix peptides can serve as useful tools for inhibiting protein−protein interactions but can be difficult to optimize for affinity. Here we describe the discovery and optimization of a stapled helix peptide that binds to the N-terminal domain of the 70 kDa subunit of replication protein A (RPA70N). In addition to applying traditional optimization strategies, we employed a novel approach for efficiently designing peptides containing unnatural amino acids. We discovered hot spots in the target protein using a fragment-based screen, identified the amino acid that binds to the hot spot, and selected an unnatural amino acid to incorporate, based on the structure−activity relationships of small molecules that bind to this site. The resulting stapled helix peptide potently and selectively binds to RPA70N, does not disrupt ssDNA binding, and penetrates cells. This peptide may serve as a probe to explore the therapeutic potential of RPA70N inhibition in cancer.
■ INTRODUCTION
Replication protein A (RPA) is a single stranded DNA (ssDNA)−binding protein complex that is essential for DNA replication, damage response, and repair. 1, 2 In response to DNA lesion formation, RPA rapidly coats ssDNA, 1, 3 preventing the formation of aberrant DNA structures at replication foci and recruiting a number of checkpoint proteins to initiate the response to DNA damage. 4 Increased activity of DNA damage response and repair pathways is observed in a number of human cancers and has been linked to resistance to radiation or chemotherapy treatment. 5 Thus, compounds targeting these pathways may have utility in patients undergoing cancer therapy.
RPA70 is the largest of the RPA subunits and contains three high-affinity ssDNA binding domains that serve as the DNAanchoring core of the entire complex (RPA70A, -B, -C). 1, 2 Binding to ssDNA is mediated by oligosaccharide/oligonucleotide binding (OB) folds that are present on all subunits. 6−8 The basic cleft in the OB fold present on the N-terminal domain, RPA70N, binds to several partner proteins that are important for mediating the response to DNA damage, including ATRIP (ATR-interacting protein), RAD9, MRE11, and p53. 4,9−11 We hypothesize that the selective inhibition of the RPA70N basic cleft will specifically disrupt these protein−protein interactions, leading to the inhibition of a subset of RPA functions, attenuation of the DNA damage response, and the selective killing of cancer cells.
Toward the discovery of a probe molecule that binds tightly to RPA70N and inhibits its interaction with other proteins, we and others have previously reported small molecules that bind to RPA70N. 12−14 We used an NMR-based screen to identify fragments that bind to RPA70N, and, on the basis of X-ray structures of the screening hits and analogues when bound to the protein, have obtained analogues with improved affinity. Recently, we have discovered compounds that bind to RPA70N with submicromolar affinity 12 that were obtained by linking together small molecules that bind to two adjacent sites.
An alternative approach for targeting protein−protein interactions is the use of stapled helix peptides. Hydrocarbon stapling has been shown to increase the affinity, stability, and cellular permeability of peptide sequences that bind to protein targets. 15−17 NMR experiments have demonstrated that homologous peptides derived from the partner proteins ATRIP, RAD9, and MRE11 bind competitively to the basic cleft of RPA70N. 18 Further, the three peptides share a region of similar primary sequence with p53 and contain a mix of conserved acidic and hydrophobic amino acid residues. 19 An X-ray crystal structure of a chimeric protein containing portions of RPA70N and p53 reveals that a part of the p53 transactivation domain (residues 47−57) folds into helices that bind into the basic cleft in the OB fold of RPA70N. 19 These binding interactions in the cleft are stabilized by both electrostatic and hydrophobic interactions. We have previously measured the binding affinity of these peptides to RPA70N and found that the ATRIP-derived sequence binds more tightly than the Rad9, MRE11, and p53 peptides. 20 Here we describe the discovery of stapled helix peptides, based on the ATRIP sequence, that bind tightly to the protein− protein interaction site in the basic cleft of RPA70N and inhibit the interactions of RPA70N with other peptides/proteins. The binding affinity was optimized by traditional methods, as well as a novel method that can efficiently select and incorporate unnatural amino acids into the peptides. Peptides in which an unnatural amino acid was incorporated displayed a 1−2 orders of magnitude improvement in binding affinity compared to peptides with natural amino acids, penetrate cells, and may serve as useful tools for studying RPA function and the therapeutic potential of inhibiting RPA.
■ RESULTS AND DISCUSSION
Alanine Scanning of the ATRIP Peptide. To better understand the peptide structure−activity-relationships (SARs) of the ATRIP-derived peptide and to elucidate the sequence positions suitable for affinity-optimizing point mutations, we performed an alanine scan in which each amino acid was replaced by an alanine residue ( Table 1) . Affinity of the mutated peptides was measured using an FPA competition assay with FITC-ATRIP as a probe. 20 Residues D1, F2, T3, D6, L7, E9, L10, D11, and L13 were found to be important for binding to RPA70N, as replacement of each of these with an alanine resulted in a significant loss of binding affinity. Interestingly, although D5 is conserved in the ATRIP and corresponding RAD9, MRE11, and p53 sequences, replacement with an alanine leads to a peptide equipotent with the parent, suggesting that this residue does not contribute significantly to binding to RPA70N. Similarly, despite the conservation of E8 in three out of the four RPA70N binding partners, no loss of binding was observed when E8 was replaced with alanine. In contrast, an almost complete loss of binding was observed when F2 was replaced with an alanine (peptide-02). Two ATRIP amino acid mutations led to a slight improvement in affinity: E8A (peptide-07, K d = 22 μM) and T12A (peptide-11, K d = 17 μM). However, when combined into one peptide sequence (peptide-14), the individual positive effects on the binding affinity were not additive.
ATRIP Amino Acid Substitutions Inspired by p53. In an attempt to improve the binding affinity of the ATRIP peptide, we substituted the hydrophobic residues WF from the p53 peptide into the corresponding positions of the ATRIP peptide ( Table 2 ). These residues form a hydrophobic motif within p53 (IEQWF) that is not present within the ATRIP sequence. Although individual substitution of L10 or D11 with W or F, respectively, did not improve binding relative to peptide-14 (peptide-15 and peptide-16), a 10-fold improvement in affinity was observed when these replacements were combined (peptide-17, K d = 2.7 μM). This effect may be attributed to a clustering of the two residues, leading to the formation of a hydrophobic binding core. 19, 21 To further optimize the potency, we substituted positions 8 and 12 of peptide-17 with alanines, as those mutations were found to increase the binding affinity to RPA70N. Whereas the E8A mutation results in a dramatic loss of affinity in the context of the WF motif (peptide-18), the binding of peptide-19 (T12A mutation) was increased by a factor of 2 relative to peptide 17. A FITC moiety was attached to peptide-19 to facilitate direct measurement of binding affinity to RPA70N; the new peptide-20 has an affinity of 480 nM (approximately an additional 3-fold increase). While the basis for the binding improvement due to the FITC label is not well understood, a similar effect was noted with the ATRIP peptide. 20 Reduction of Overall Peptide Charge. Peptide-20 has a net negative charge of −6. Empirical evidence has suggested that a neutral or positive overall charge is optimal for achieving cellular penetrance. 17 We therefore examined the relative importance of the negatively charged residues in peptide-19 by replacing aspartic and glutamic acid residues with their amide analogues. In addition, we tested the replacement of D and E residues with alanines (in the context of the optimized WFA containing peptide-19) to elucidate which negatively charged amino acids could be substituted with an uncharged residue without leading to an unacceptable decrease in RPA70N affinity (Table 3) . While replacement of some negatively charged amino acids is tolerated, other substitutions are accompanied by a severe drop in binding affinity, as might be expected for a peptide binding to a protonated basic cleft. For example, changing D1 to an asparagine was tolerated with a relatively minimal loss of affinity (peptide-21), an alanine substitution of D5 did not reduce the potency compared to an N substitution (peptide-22 and peptide-23), and substitution of D6 with an asparagine produced better binding than the corresponding alanine (peptide-24 and peptide-25). However, for E8, an alanine substitution sharply reduced the binding affinity (peptide-26), while minimal loss of affinity was observed for substituting E9 with either an alanine or glutamine (peptide-27 and peptide-28). On the basis of these results, we combined the least deleterious amino acid substitutions to produce a FITC-labeled peptide (peptide-29) with a net negative charge of −2. However, the reduction in charge came at the expense of a nearly 50-fold loss in binding to RPA70N compared to peptide-20.
Shortening of the Peptide Sequence. Concomitant with our efforts to reduce the net negative charge of the peptides, we examined the effect of peptide length on binding affinity and the possibility of improving the properties of the peptides. 22 If the ATRIP-derived peptides adopt a helix with the same length as p53 upon binding to RPA70N, several N-and the C-terminal residues may not be part of the secondary structure and thus are potential candidates for removal. The alanine scan revealed that all residues at the N-terminus are essential for interacting with RPA70N (Table 1 ). In contrast, minimal loss of binding affinity was observed when residues at the C-terminus were replaced by alanine (peptide-12 and peptide-13). Therefore, we tested whether shortening of peptide-20 by one, two, or three residues at the C-terminus would be tolerated (Table 4) .
Removing the C-terminal residue (S15) had almost no effect on the binding of peptide-30 to RPA70N, and the removal of the last two C-terminal amino acids (A-S) led to a peptide with improved binding affinity to RPA70N (peptide-31). However, removing one additional residue (L13) resulted in a 3-fold decrease in binding affinity (peptide-32).
Unnatural Amino Acid Substitutions. In order to further improve binding to RPA70N, we explored the possibility of incorporating unnatural amino acids. Such peptides can be difficult and expensive to synthesize and thus must be carefully designed. To identify suitable locations for incorporation of a designed unnatural amino acid, we exploited findings from our small molecule discovery efforts. We have previously reported the use of an NMR-based fragment screen to discover compounds that bind to a hydrophobic pocket near S55, 12 suggesting that this pocket represents an important binding "hot spot" on RPA70N ( Figure 1A ). Consistent with this finding, that same pocket is occupied by F54 of the WF motif within the p53 peptide ( Figure 1B) . 19 Optimization of multiple series of fragment hits has established that a 3,4-dichlorosubstituted phenyl ring displays significantly improved binding affinity to RPA70N compared to an unsubstituted phenyl group.
12,14 Thus, we hypothesized that a peptide containing a 3,4-dichloro-substituted phenylalanine in place of a phenylalanine would have improved binding affinity to RPA70N ( Figure 1C ). Indeed, a peptide containing an unnatural amino acid with a 3,4-dichlorophenyl moiety (peptide-33) showed a >100-fold improvement in affinity (Table 4 ). An X-ray structure of peptide-33 when complexed with RPA70N confirmed that the side chain of the 3,4-dichlorophenylalanine binds to the RPA70N hot spot located above S55, in a manner similar to the binding mode of the phenylalanine of p53 ( Figure  1D) .
Stapled Helix Peptides. The use of a hydrocarbon staple for helical peptides is a promising approach to improve upon the poor characteristics of linear peptides by imparting increased protease resistance, affinity, and cell permeability.
15−17 Three stapling patterns have been shown to stabilize helical conformations: i, i + 3; i, i + 4; and i, i + 7. 17 On the basis of the results from the mutational analyses, we employed the i, i + 4 configuration using residues 5 and 9 to evaluate stapled helix peptides with varying overall net charge (Table 5 ).
Although peptide-34 had a slightly reduced binding affinity compared to its unstapled counterpart (peptide-31), the negative charge was reduced. As expected, further reduction of the charge yielded an additional loss in affinity (peptide-35, peptide-36, and peptide-37). Once again, we compensated for the loss in affinity due to charge abrogation by substituting F12 with a dichlorophenylalanine (peptide-38 and peptide-39). Incorporation of this motif alone led to a 31-and 175-fold increase in affinity, respectively, resulting in peptides that represent the optimal balance of potency and overall net charge.
Selectivity. To verify the utility of the stapled helix peptides as specific inhibitors of the RPA70N protein−protein interactions, we evaluated the ability of the peptides to bind to the other OB-fold-containing domains of RPA that bind to ssDNA.
By use of a direct binding FPA assay, peptide-37 and peptide-39 were examined for their ability to bind to RPA70A/B, which contains the core ssDNA binding unit, and RPA70C/32D/14 ( Figure 2 ). Peptide-37 shows very little selectivity in binding to the different OB-fold containing domains; while this peptide binds to RPA70N with a K d of 7.4 μM, it binds the other domains with similar affinity (12−15 μM). In contrast, peptide-39, which binds to RPA70N with an affinity of 0.042 μM, binds to RPA70A/B and RPA70C/32D/14 with a K d of only 2.4 μM, exhibiting 50-fold selectivity for binding to RPA70N. The incorporation of the dichlorophenyl moiety not only produces a significant increase in potency but also appears to impart a significant increase in selectivity for RPA70N over other OBfold containing domains. To confirm that peptide-39 does not functionally displace RPA from ssDNA, we conducted an electrophoretic mobility shift assay (EMSA). Increasing concentrations of peptide-39 were incubated with RPA and ssDNA and subjected to separation on a polyacrylamide gel. No change in the percent of RPA bound to radiolabeled ssDNA was observed, indicating that although peptide-39 can bind weakly to other OB-fold containing domains in a biochemical assay, this 2 μM binding affinity is not sufficient to displace fulllength RPA from ssDNA ( Figure 3) . Thus, peptide-39 possesses a suitable selectivity profile for use as a probe of RPA70N function in cells.
Cell Penetrance. Several studies have demonstrated that stapled helix peptides gain entry to mammalian cells through active endocytosis. 15, 23, 24 Further, overall peptide charge is a key determinant of cellular penetrance, with increased positive charge leading to more efficient uptake. We examined the ATRIP-derived stapled helix peptides for their ability to enter mammalian cells. Peptides were incubated for 24 h with U2OS cells, fixed, and visualized by confocal microscopy for direct observation of the FITC label ( Figure 4) . As expected, peptide-34, with a net charge of −4, was the least efficient at penetrating cells. In contrast, the remaining peptides were observed inside 
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■ CONCLUSIONS
To discover a peptide that binds tightly to RPA70N and penetrates cells, we initiated optimization of a 15 amino acid ATRIP-derived peptide that binds to RPA70N with an affinity of 29 μM and possesses a net charge of −5. Through alanine scanning, natural amino acid substitutions, and shortening of the peptide sequence, we identified key residues responsible for binding to RPA70N, improved the binding affinity, and ascertained which amino acids could be substituted to reduce the overall negative charge. However, because of the electrostatic characteristics of the pocket, substitutions that reduced the peptide charge universally led to a decrease in binding affinity. Despite these improvements and the knowledge gained, the resulting peptides were still unsuitable for use as a chemical probe for the study of RPA70N as a cancer target because of insufficient binding affinity.
To further improve the binding affinity, we sought to incorporate an unnatural amino acid into our peptides. Historically, this strategy has not been widely employed because of difficulties in choosing which amino acid to replace and which unnatural amino acid to use as a replacement.
Indeed, most peptide optimizations typically involve only the use of natural amino acid substitutions. Here we have demonstrated a strategy to efficiently design unnatural amino acid substitutions for peptide optimization. The optimization process involves the identification of a binding hot spot using a fragment-based screen and subsequent structural characterization of important molecular interactions that might be exploited for affinity improvements. Structural knowledge of the residue that normally occupies this hotspot, along with SAR information gleaned from fragment hits and optimization of these hits, then guides the efficient targeted replacement of an amino acid with an optimized variant.
We have demonstrated this strategy by capitalizing on a wealth of SAR and structural information from compounds identified from a NMR-based fragment screen. In multiple prior instances, the presence of a 3,4-dichlorophenyl moiety has produced improvements in binding affinity. 12, 14 Thus, we applied this substitution pattern to a phenylalanine residue that had been previously determined to occupy the same binding hot spot identified in the fragment screen. The addition of two halogens produced highly significant gains in binding affinity in both stapled and unstapled peptides.
In total, by combining peptide optimization studies, small molecule SAR, and structural information on peptide and small molecule binding modes, we improved the affinity of the modified peptide by almost 1000-fold. The optimized stapled helix peptide obtained from this work binds tightly to RPA70N with an affinity of 0.042 μM, is selective for binding to RPA70N versus other OB folds of RPA, has a reduced overall net negative charge, and penetrates cells. This compound may serve as a useful tool to study the biology of RPA and validate RPA as a cancer target. Moreover, the new approach that we have employed to optimize the peptides may be a useful general method for optimizing peptides that bind to other protein targets and thus expand the utility of stapled helix peptides as chemical tools and therapeutic agents.
■ EXPERIMENTAL DETAILS
Protein Expression and Purification. Recombinant RPA70N (RPA70 1−120 ), RPA70AB (RPA70 181−422 ), and RPA70NAB (RPA70 1−422 ) constructs were prepared as described previously. 20,25−27 Proteins were expressed in Escherichia coli host Rosetta (RPA70AB, RPA70NAB) or BL21-DE3 (RPA70N) cells (Novagen). Cells were grown in LB medium containing kanamycin (RPA70AB, RPA70NAB) or ampicillin (RPA70N) at 37°C, induced with 0.1 M IPTG when the OD reached 0.6, and harvested after 4 h using a JLA 8.1 Beckman rotor at 7500 rpm and 4°C. Pellets were stored at −20°C
. Human RPA70N was purified using a Ni sepharose column (GE Healthcare). Following His-tag cleavage and a Ni sepharose column repass to remove the cleaved tag, RPA70N was obtained at greater than 95% purity as judged by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) analysis. Finally, RPA70N samples were dialyzed against assay buffer (50 mM HEPES, 75 mM NaCl, 5 mM DTT, pH 7.5) for use in fluorescence polarization studies. RPA70AB samples were purified using nickel affinity chromatography in 10 mM HEPES (pH 7.5), 500 mM NaCl, 5 mM BME, and 10% glycerol using an elution gradient from 20 to 300 mM imidazole. Cleavage of the His tag with TEV protease was performed through overnight dialysis in a buffer containing 10 mM HEPES (pH 7.5), 200 mM NaCl, 5 mM BME. A second Ni column purification step was used to remove the His tag. Size exclusion chromatography using a Superdex S75 column equilibrated with the dialysis buffer was used as a last step of purification. RPA70AB protein was concentrated, and stock solutions were frozen in liquid nitrogen and kept at −80°C. A similar procedure described previously 26 was used for RPA70NAB samples using Ni column buffer 30 mM MES (pH 6.5), 500 mM NaCl, 5 mM BME and cleaving with H3C protease. The size exclusion chromotography step was performed using a Superdex S200 column and a buffer containing 30 mM MES (pH 6.5), 200 mM NaCl, 10 mM BME, 5% glycerol. Peptide Synthesis. All linear peptides, with and without fluorescein isothiocyanate (FITC), were purchased from GenScript USA Inc. FITC groups were attached to the N-terminus of peptide sequences via an aminohexanoic acid (Ahx) linker. Hydrocarbon stapled peptides were purchased from New England Peptide LLC. Staples were incorporated by placing modified α-(4-pentenyl)alanine residues at predetermined locations within the peptide sequence, separated by three amino acids. Peptides were purified by the manufacturer using high-performance liquid chromatography to >95% purity. Unlabeled peptides were dissolved as 10 mM stock solutions in assay buffer (50 mM HEPES, 75 mM NaCl, 5 mM DTT, pH 7.5). FITC-labeled peptides were dissolved in DMSO to a final concentration of 1 mM.
Fluorescence Polarization Anisotropy Assays. K d determination and FPA competition assays were conducted as described previously 20 with minor modifications. For direct K d determination of FITC-labeled peptides, increasing concentrations of purified RPA were added to 25 nM peptide in a total of 50 μL assay buffer. Anisotropy was measured, and data were fit to a single site binding model using Prism. For competition experiments, unlabeled peptides were titrated into assay buffer containing RPA70N and FITC-labeled peptide probe. Assays were conducted at a protein concentration equal to the K d of the FITC-peptide−protein interaction. Therefore, 50 nM FITC-ATRIP was used with 6 μM RPA70N; 25 nM peptide-31 was used with 350 nM RPA70N. Anisotropy was measured and plotted against compound concentration using a four-parameter logistic fit to generate an IC 50 ; this value was converted to K d , as previously described. 20 Gel Mobility Shift Assay. The gel mobility shift assays were performed as previously described 28 with the following modifications. Purified RPA (12 nM final concentration) and increasing concentrations of peptide-39 (0, 0.1, 1, 10, 100 μM final concentration) were incubated with radiolabeled 50-nucleotide ssDNA probe (6 nM final concentration) at room temperature for 20 min. The samples were separated by electrophoresis prior to autoradiography and quantitation.
Fluorescence Microscopy. U2OS cells were plated at 3 × 10 4 cells/well in eight-chamber slides (BD Falcon). After 24 h, cells were washed once with PBS and incubated for 24 h with stapled helix peptides in serum-free medium. Medium was removed, and cells were fixed in 4% paraformaldehyde/PBS for 1 h at room temperature. Cells were rinsed three times with PBS and mounted on a coverslip with Vectashield (Vector Laboratories) mounting medium containing DAPI. Slides were imaged on a confocal microscope (Zeiss LSM 710). Crystallization of RPA70N:Peptide-33 Complex. Lyophilized peptide-33 (FITC-Ahx-DFTADDLEEWZAL-NH 2 ) was added directly to 700 μM RPA70N E7R at a 2.5:1 (peptide-33/E7R RPA70N) ratio and initially screened against a variety of conditions. Following optimization of the initial crystallization conditions, the buffer condition of 100 mM Bis-Tris, pH 6.5, 200 mM ammonium acetate, 25% PEG 3350 was found to produce crystals that showed a strong green color, indicative of the presence of FITC. Prior to data collection, crystals were soaked in mother liquor containing 20% 2-methyl-2,4-pentanediol (MPD) and were flash-frozen in liquid nitrogen. X-ray diffraction data were initially collected on an inhouse rotating anode source and later at sector 21 (Life Sciences Collaborative Access Team, LSCAT) at the Advanced Photon Source. All data were processed by HKL2000. 29 The proteins crystallized in space group C121 and contained two peptide-33:E7R RPA70N complexes in the asymmetric unit. Initial phases were obtained by molecular replacement with PHASER 30 using the E7R RPA70N structure (4IPC) 27 as a search model. Iterative cycles of model building and refinement were performed using COOT 31 and Phenix. 32 Following modeling of waters, peptide-33, including its covalently attached FITC, was placed into electron density at the basic cleft and refined. The structure of this complex has been deposited in the Protein Data Bank under the accession code 4NB3.
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